In this study, assuming the Type-Y (flipped) 2HDM at the SM-like scenario as the theoretical framework, observability of the additional heavy neutral Higgs bosons H and A is investigated through the signal process chain e − e + → AH → bbbb at a linear collider operating at the center-ofmass energy of 1.5 TeV. The assumed signal process is highly motivated by the enhancements in the A/H → bb decays at relatively high tan β values. Such enhancements result in the dominance of the mentioned decay modes even for Higgs masses above the threshold of the on-shell top quark pair production. Taking advantage of such a unique feature, several benchmark scenarios are studied. Simulating the detector response based on the SiD detector at the ILC, simulated events are analyzed to reconstruct the H and A Higgs bosons. The top quark pair production and Z/γ production are the main SM background processes and are well under control. Results indicate that, the H and A Higgs bosons are observable with signals exceeding 5σ with possibility of mass measurement in all the tested scenarios. Specifically, the parameter space region enclosed with the mass ranges mH =150-500 GeV and mA=230-580 GeV with the A/H mass splitting of 80 GeV is observable at the integrated luminosity of 500 f b −1 .
INTRODUCTION
The Standard Model (SM) of elementary particles provided significant predictions which have been successfully verified by plenty of experimental observations. Since the existence of the Higgs boson, as one of the most considerable predictions of the SM, was experimentally confirmed [1, 2] , much effort has been devoted to developing the extended versions of the SM. Such extensions are mainly motivated by the SM inability to explain the universe baryon asymmetry [3] , supersymmetry [4] , axion models [5] , etc. Extending various aspects of the SM, different kinds of extensions with different characteristics can be obtained. The simplest scalar structure, a single scalar doublet, was assumed in the SM leading to the prediction of a single Higgs boson [6] [7] [8] [9] [10] [11] . Extending the scalar structure by adding another scalar doublet, the two-Higgs-doublet model (2HDM) [12] [13] [14] [15] [16] [17] [18] [19] is obtained. As one of the important consequences of using two scalar doublets, the 2HDM predicts the existence of four additional Higgs bosons. To be specific, five Higgs bosons including a light scalar h, a heavy scalar H, a pseudoscalar A and two charged H ± Higgs bosons are offered by the 2HDM. To respect experimental observations, one may assume that the light scalar Higgs boson h predicted in the 2HDM is the SM-like Higgs boson. Therefore, the 2HDM features four yet undiscovered Higgs bosons discovery of which may help confirm the 2HDM. This study is aimed to investigate observability of the two additional neutral Higgs bosons A and H in the 2HDM at a linear collider.
A general 2HDM predicts tree level flavor-changing neutral currents (FCNC) which are suppressed in the SM * majid.hashemi@cern.ch † hosseinhaqiqat@gmail.com and are strongly constrained by experiments. Ensuring natural flavor conservation in the 2HDM is however possible with the help of special scenarios of Higgs-fermion couplings. Such selective couplings can be derived from imposing the discrete Z 2 symmetry. It has been shown that there are four coupling scenarios permitted by the Z 2 symmetry which avoid tree level FCNCs [18] . Consequently, there are four types of the 2HDM with different phenomenologies which naturally conserve flavor. Observability of the two additional neutral Higgs bosons within the Type-I and Type-X 2HDMs has been studied with promising results [20, 21] . This study considers the Type-Y (flipped) 2HDM and investigates the observability of the H and A Higgs bosons through the signal process chain e − e + → AH → bbbb where b is the bottom quark. The assumed signal process is mainly motivated by the enhancements in the A/H → bb decays at high tan β values. Such enhancements as well as the suppression of the A/H decay into a pair of up-type quarks at high values of tan β result in the dominance of the A/H → bb decays even for Higgs masses above the threshold of the on-shell top quark pair production. Consequently, a significantly large portion of the parameter space can be probed with the help of the considered signal process. This is a unique feature of the assumed signal process in the flipped 2HDM.
Assuming several benchmark points with different mass hypotheses, observability of the Higgs bosons is assessed by analyzing simulated events for each scenario independently. Because of the chosen Higgs mass ranges and the assumed signal process, the present analysis is most suitable for a collider experiment performed at the center-of-mass energy of 1.5 TeV. Although such an experiment can be easily performed by the LHC, a linear collider is assumed in this study since e − e + linear colliders suffer less from background processes, underlying events, etc. Assuming both beams to be unpolarised, signal and background events are generated at the integrated luminosity of 500 f b −1 and the detector response is simulated based on the SiD detector at the International Linear Collider (ILC) [22] . Reconstructing and identifying b-jets with the use of proper jet clustering and b-tagging algorithms, simulated events are analyzed to reconstruct the Higgs bosons. Computing invariant masses of the b quark pairs coming from the Higgs bosons, we try to obtain a Higgs candidate mass distribution for each scenario. It will be shown that both of the H and A Higgs bosons are observable with signals exceeding 5σ with possibility of mass measurement in all the considered scenarios. To be specific, the region of parameter space enclosed with the mass ranges 150 ≤ m H ≤ 500 GeV and 230 ≤ m A ≤ 580 GeV with the A/H mass splitting of 80 GeV is observable at the integrated luminosity of 500 f b −1 . In what follows, we present a brief introduction to the 2HDM and then different aspects of the analysis will be discussed.
where Φ 1 and Φ 2 are SU (2) Higgs doublets, one of the simplest extensions of the SM, the 2HDM [12] [13] [14] [15] [16] [17] [18] [19] , is obtained. The two assumed Higgs doublets have eight degrees of freedom, three of which are "eaten" by three of the electroweak gauge bosons W ± , Z and the remaining five degrees of freedom lead to the prediction of five Higgs bosons, namely the neutral light h and heavy H scalar, the neutral pseudoscalar A and the charged H ± Higgs bosons. To completely specify the model, the parameters tan β, m 2 12 , λ 6 , λ 7 , mixing angle α and physical Higgs masses m h , m H , m A , m H ± must be determined in the "physical basis" [12] .
A general 2HDM gives rise to flavor-changing neutral currents (FCNC) at tree level which are absent in the SM and are strongly constrained by experimental observations. Introducing the Z 2 symmetry, such currents are well avoided in the scalar sector and models with natural flavor conservation are obtained [14] [15] [16] . The imposed Z 2 symmetry implies that the Higgs coupling to fermions must follow the scenarios shown in Tab. I. As seen, there are four types of 2HDM which naturally conserve flavor. The types "X" and "Y" are also called "lepton-specific" and "flipped" respectively. As a consequence of the im- in the Higgs potential relate to tan β through minimization conditions for a minimum of the vacuum and can be obtained once tan β is determined.
To respect experimental observations, one can assume that the lightest scalar Higgs boson h predicted in the 2HDM is the same as the observed SM Higgs boson. To do so, h couplings to fermions in the Yukawa Lagrangian of the 2HDM must reduce to those of the SM. These selective couplings are easily implemented in a natural way through the SM-like assumption sin(β − α) = 1 [12] . Following the coupling scenarios provided in Tab. I and applying the SM-like assumption, the neutral Higgs part of the Yukawa Lagrangian takes the form [12, 23] 
where ρ X factors corresponding to different types are provided in Tab. II. As seen, couplings are different in [18] . According to Tab. II, Higgs coupling to down-type quarks depends on − tan β in Type-Y. Consequently, annihilation of the H and A Higgs bosons into a pair of down-type quarks receives significant enhancements at high tan β values. The present study takes advantage of such a feature and investigates observability of the H and A Higgs bosons in the frame-work of the Type-Y 2HDM at SM-like scenario.
II. SIGNAL PROCESS
Observability of the additional neutral Higgs bosons within the flipped 2HDM is investigated through the signal production process e − e + → AH with subsequent decays of the Higgs bosons into bb pairs where b is the b quark. The initial collision is assumed to occur at a linear collider operating at the center-of-mass energy of 1.5 TeV and the integrated luminosity is assumed to be 500 f b −1 . The considered signal process benefits from enhancements in the decay modes A → bb and H → bb which are due to the dependence of the A/H coupling to down-type quarks on the − tan β factor according to the Yukawa Lagrangian of Eq. 2 and factors of Tab. II. Such a coupling factor results in dramatic enhancements and thus dominance of the A/H → bb decays at relatively large values of tan β. Surprisingly, the dominance of these decay modes continues even for Higgs masses m A/H above the threshold of the on-shell top quark pair production. Such a feature is caused by the dependence of the A/H-u-ū vertex, where u is an up-type quark, on the cot β factor as seen in Tab. II. As tan β increases, decays into the tt pair are becoming more and more rare and the bb pair production remains dominant. This is a unique feature of the assumed signal process in the context of the flipped 2HDM and enables us to probe a significantly large portion of the parameter space since our search is not limited to scenarios with Higgs masses below the threshold of the on-shell top quark pair production.
Observability of the additional Higgs bosons is studied in several benchmark points in the parameter space of the 2HDM independently. Tab. IIIa provides the assumed points with corresponding cross sections and branching fractions of the A/H → bb decays. Working in the "physical basis", the assumed points are specified by physical Higgs masses, m 2 12 , tan β and sin(β − α). As seen, the mass of the additional CP-even Higgs boson is assumed to range from 150 to 500 GeV and the mass of the CP-odd Higgs boson A is assumed to vary in range 230-580 GeV with the A/H mass splitting of 80 GeV in all the scenarios. tan β is set to 20 for all the scenarios for the signal to take advantage of the possible enhancements in the A/H → bb decays at large values of tan β. According to the given branching fractions which are computed by 2HDMC 1.7.0 [24, 25] , on average, we have BR(A → bb) 0.985 and BR(H → bb) 0.995. Obviously, the A/H → bb decays are dominant in all the scenarios. As seen, sin(β − α) is assumed to be 1 because of the SM-like assumption. The h Higgs boson is therefore considered as the SM-like Higgs boson in all the scenarios.
The assumed scenarios are all checked using 2HDMC 1.7.0 for consistency with theoretical constraints, namely potential stability [26] , perturbativity and unitarity [27] [28] [29] [30] and the m 2 12 range satisfying the required constraints is provided in Tab. IIIa for each scenario.
As seen in Tab. IIIa, the charged Higgs mass m H ± is chosen to be equal to the H mass. The reason for making such a choice is that according to [31, 32] 
is met. Hence, the assumed scenarios satisfy the strong experimental constraint [33, 34] on the ρ deviation which is based on the measurement performed at LEP [35] . The LHC experiments [36] 
In the context of the Type-I , the lower limit m A > 350 obtained by the LHC direct observations [37, 38] constrains the CP-odd Higgs mass for tan β < 5. Also, the H mass range 170-360 GeV has been excluded for tan β < 1.5 [39] . However, since the Higgs-fermion coupling scenarios of the Type-I and Type-Y are dramatically different ,Higgs masses in this study are not required to satisfy these limits.
In the context of the MSSM, the LEP experiments [40] [41] [42] Signal and background events are generated according to the assumed scenarios and the simulated detector response is analyzed to reconstruct the H and A Higgs bosons by finding bb pairs coming from their decays. W ± pair production, Z/γ production, Z pair production and top quark pair production are the relevant SM background processes which are taken into account in this analysis. Cross sections of the signal and background processes are obtained by PYTHIA 8.2.15 [45] and are provided in Tab. III.
III. EVENT GENERATION, SIGNAL SELECTION AND ANALYSIS
Assuming both beams to be unpolarised, basic parameters of the Type-Y 2HDM are produced in SLHA (SUSY Les Houches Accord) format by 2HDMC 1.7.0 √ s = 1. [46] to simulate the detector response with the use of DSiD detector card which is based on the full simulation performance of the SiD detector at the ILC [22] . Jet reconstruction is performed by the anti-k t algorithm [47] in FASTJET 3.1.0 [48, 49] with the cone size ∆R = (∆η) 2 + (∆φ) 2 = 0.4, where η = −ln tan(θ/2) and φ (θ) is the azimuthal (polar) angle with respect to the beam axis. The DELPHES output data including reconstructed jets and associated btagging flags are stored as ROOT files [50] and are analyzed as follows. Counting the reconstructed jets satisfying the kinematic conditions
where p T is the transverse momentum, jet multiplicity distributions of Fig. 1(a) are obtained for different signal and background processes. Based on the signal and background distributions, the selection cut
where N jet is the number of jets, is applied to events. Using the b-tagging flags, b-jets are identified and b-jet multiplicity distributions of Fig. 1(b) are obtained. The condition
where N b-jet is the number of b-jets, is then imposed and events surviving this condition are used to reconstruct the Higgs bosons. Applying the mentioned selection cuts, event selection efficiencies of Tab. IV are obtained for different signal and background processes. Events surviving the selection cuts contain at least three b-jets which are used to obtain the candidate mass The analysis can be improved by applying a correction to the four-momentums of the b-jets based on the energy-momentum conservation. Assuming that the bjet's flight direction has correctly been measured and a common factor can be applied to all components of its four-momentum, the linear system
where p X i and E i are the X-direction component of the three-momentum and the energy of the i'th b-jet respectively, is simultaneously solved to find the unknown variables z 1 , z 2 , z 3 , z 4 which are factors corresponding to the four b-jets. Requiring the obtained factors to be positive (which is the case for a majority of the signal events) and applying the factors to the b-jets' four-momenta, a significant improvement in the invariant mass distributions is achieved.
After rescaling the four-momenta, the b-jets are sorted in terms of their new energies and pairing is performed as explained. Computing the invariant masses of the selected pairs, invariant mass distributions of Fig. 2 are obtained. As seen, contributions of different background processes are shown separately and the signal contribution can be seen as a significant excess of data on top the total SM background. The tt and Z/γ processes contribute the most to the total background and are, however, well under control. Normalization of the distributions is based on L × σ × , where L is the integrated luminosity which is set to 500 f b −1 for all the scenarios, σ is the cross section which is obtained from the total cross sections provided in Tab. III and the branching fractions of the A/H → bb decays, and is the selection efficiency which is obtained by computing the average number of reconstructed Higgs bosons in an event.
In order to determine the reconstructed masses of the Higgs bosons, a proper fit function is fitted to the mass distributions. Fitting is performed by ROOT 5.34 [51] . The fit function employed for the total background (B) fit is a polynomial function and the fit function for the signal plus total background (S+B) fit is the combination of a polynomial function and two Gaussian functions. The two Gaussian functions are supposed to cover the signal peaks. The polynomial is first fitted to the total background distribution and the resultant fit parameters are then used as input for the S+B fit. Both B and S+B fit results are shown in Fig. 2 . As expected, fitted curves show two distinct peaks by which the reconstructed masses of the Higgs bosons H and A can be determined. Each Gaussian function has a "Mean" parameter which shows the location of the center of its associated peak. Values of the "Mean" parameters of the two Gaussian functions are shown in Fig. 2 . Considering the "Mean" parameter value as the Higgs boson reconstructed mass, reconstructed masses of the H and A Higgs bosons are obtained as provided in Tab. V. Comparing the generated (m Gen. ) and reconstructed (m Rec. ) masses, a difference is seen between them. Such errors can be due to the uncertainties arising from the jet reconstruction algorithm, b-tagging algorithm, fitting method and fit function, errors in energy and momentum of the particles, etc. A thorough optimization of the jet clustering algorithm, b-tagging algorithm, fitting method, etc., may reduce the errors. However, since such corrections are beyond the scope of this paper, a simple off-set correction is applied to reduce errors in this study as follows. On average, the reconstructed masses of the Higgs bosons H and A are 9.48 and 8.08 GeV smaller than the corresponding generated masses as seen in Tab masses are in reasonable agreement with the generated masses and therefore, it can be concluded that mass measurement is possible for both H and A Higgs bosons in all the considered scenarios.
IV. SIGNAL SIGNIFICANCE
Observability of the Higgs bosons is assessed by computing the signal significance for each candidate mass distribution of Fig. 2 . Computation is performed by counting the number of signal and background Higgs candidate masses in the whole mass range at the integrated luminosity of 500 f b −1 . Tab. VI provides obtained results including total signal selection efficiency, number of signal (S) and total background (B), signal to total background ratio and signal significance. Results indicate that both of the H and A Higgs bosons are observable with signals exceeding 5σ in all of the considered benchmark scenarios. Consequently, the region of parameter space with mass ranges 150 ≤ m H ≤ 500 GeV and 230 ≤ m A ≤ 580 GeV with the mass splitting of 80 GeV between the H and A Higgs bosons is observable at the integrated luminosity of 500 f b −1 and √ s = 1.5 TeV. The high obtained signal significances ensure that observability is also possible at integrated luminosities lower than 500 f b −1 .
V. CONCLUSIONS
In this study, assuming the Type-Y (flipped) 2HDM at SM-like scenario as the theoretical framework, observability of the additional CP-even and CP-odd Higgs bosons H and A was investigated through the signal process e − e + → AH → bbbb at the center-of-mass energy of BP1 BP2 BP3 BP4 BP5 Table VI : Total signal selection efficiency ( T otal ), number of signal (S) and background (B) Higgs candidates in the whole mass range after all cuts, signal to background ratio, signal significance and integrated luminosity in the considered scenarios.
1.5 TeV at a linear collider. The signal process benefits from possible enhancements in the A/H → bb decay channels at high values of tan β. Such enhancements are due to the − tan β factor in the A/H-d-d vertex, where d is a down-type quark. Moreover, since the A/H-u-ū vertex, where u is an up-type quark, depends on cot β, the dominance of the A/H → bb decays continues even for Higgs masses m A/H above the threshold of the onshell top quark pair production. Such a unique feature provided opportunity to probe a significantly large portion of the parameter space. Considering several benchmark points in the parameter space with the H mass range 150 ≤ m H ≤ 500 GeV and A/H mass splitting of 80 GeV at tan β = 20, event generation was performed for each scenario independently. Simulating the detector response based on the SiD detector at the ILC, observability was investigated at the integrated luminosity of 500 f b −1 and a Higgs candidate mass distribution was obtained for each scenario. All the obtained mass distributions show significant excess of data on top of the total SM background. Two well distinguished peaks are also seen in the distributions located near the generated masses of the H and A Higgs bosons. Computing the signal significance corresponding to the whole mass range for each scenario, it is concluded that both of the H and A Higgs bosons are observable with signals exceeding 5σ in all of the tested benchmark points. In other words, the region of parameter space with mass ranges 150 ≤ m H ≤ 500 GeV and 230 ≤ m A ≤ 580 GeV with the mass splitting of 80 GeV between the Higgs bosons H and A is observable at the integrated luminosity of 500 f b −1 and center-of-mass energy of 1.5 TeV. The reconstructed masses of the Higgs bosons which were obtained by fitting proper functions to the mass distributions are in reasonable agreement with the generated masses and indicate that mass measurement is also possible for both the H and A Higgs bosons in the mentioned region of parameter space. The present analysis is expected to serve experimentalists well since both of the additional neutral 2HDM Higgs bosons can be observed with possibility of mass measurement in a significant portion of the parameter space at an easily accessible integrated luminosity.
